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SUI'-YARY 



A general solution is presented for the determina- 
tion of loads carried by individual bolts in symmetrical 
butt joints. Expressions for bolt behavior are given by 
which the general solution may be readily adapted to the 
numerical calculation of bolt leading in joints made of 
any of several combinations of materials common to air- 
plane construction, and an example is solved to illustrate 
the numerical procedure. All expressions are confined to 
the range of elastic action of joint components. 

Tests were conducted in which the test specimens were 
made of 2I4.S-T aluminum-alloy plates fastened by two or 

three p-inch alloy-steel bolts with the bolts in a single 
4 

line in line with the applied load. Test results are 
given in the form of curves showing bolt-load histories 
through the elastic and yield ranges to joint failure. 
Empirically based principles are proposed to define the 
practical upper limit of elastic action of a joint sub- 
ject to static loading and to obtain curves- representing 
bolt action aoove this limit for three-bolt joints. With 
empirical data, such curves combined with- analytical 
equations provide a means for the prediction of bolt 
loads at any joint load. Bolt-deflection curves and 
their relation to the general problem are also presented. 

From the tests of three-bolt joints, agreement within 
about 10 percent was found between theoretical and experi- 
mental bolt loads within the elastic range. Although the 
bolts carried markedly unequal loads in the elastic range 
(as indicated by theory), it was found for such joints 
(containing not more than three bolts in the line of 
stress) that a process of bolt-load equalization took 
place beyond the limit of elastic action which for practi- 
cal purposes caused the bolts to be loaded equally at 


2 


NACA TN No. 1051 


joint failure. Information is needed with respect to 
multirow joints, however, because in the elastic range 
the bolts in the first rows carry far greater loads 
than interior bolts and joint failure may occur before 
complete equalization of bolt loads is realized. 


INTRODUCTION 


In recent years the need for more rational means of 
design and analysis of connections has been emphasized by 
the exacting requirements of modern airplane construction. 
The methods of joint analysis are far more antiquated than 
those employed for other parts of the aircraft structure. 
Improved methods for predicting joint strength offer a 
means of reducing weight if they are adapted to make more 
efficient use of all connectors within a joint. From the 
production viewooint, Jenkins (reference 1) has shown that 
aooroximately ^0 percent of the total cost of the all- 
metal airplane frame is due to connecting the various 
components of the structure and that the cost of riveting 
and bolting constitutes between 80 and 9^ percent of the 
total cost of connections. These conditions suggest a 
promising field for investigation. 

The well-established methods for computing rivet or 
bolt loads are based on assumptions derived from ultimate- 
strength tests of a number of riveted joints. Rivets or 
bolts of the same size were thought to carry equal loads 
because the ultimate strength of 'the tested joint was 
aop roximately equal to the strength determined from the 
ultimate strength of a single rivet multiplied by the 
number of rivets in the joint. The fact that rivets or 
bolts in a structural joint do not generally carry equal 
loads in the elastic range was recognized as early as 
1867 (reference 2). Eatho (reference 5) demonstrated 
that a riveted joint is a statically indeterminate struc- 
tural system and that the rivet loads may be obtained by 
the principle of least work. Hrennikoff (reference 2) 
developed equations for rivet loads for a limited number 
of joint arrangements from a consideration of the deforma- 
tions of plates and rivets. Posner (reference h.) devel- 
oped a general bolt- or rivet-load equation for lap joints 
based on the deformations of the plates in tension and in 
hearing under the bolts or rivets. Several investigators 
have made use of equations derived by means similar to 
those just mentioned but have obtained factors for rivet 
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behavior by tests of various joint arrangements (refer- 
ences 1, 2, pp. I|.6i^-4b9, and 5)» Some investigators 
have dealt with butt joints (references 2, pp. ij.6i4.-lj.69, 
and 5)> some with lap joints (references 1 and ip), and 
some with both (references J> , 2, 5, and 6). A brief 
historj of early investigations is given in reference 2, 

pp. kih-kak. 


The present paper deals with the problem of load 
distribution among the bolts of symmetrical butt joints. 
Tests were conducted to determine experimentally, both 
within and above the elastic range, the manner in which 
load was distributed among the various bolts. The test 
specimens were doubly symmetrical two- and three-bolt 
joints made of 2I4S-T aluminum- alloy plates joined by a 


sinele line 


of "inch 

k 


alloy-steel 


bolts . 


Reference to a 


joint having a certain number of bolts means that the 
total joint load is imposed on that number of bolts. 
Analytical expressions, based on elastic action of the 
joint components, are given whereby the bolt loads may 
be computed and the experimental and analytical results 
are compared. The. important question of joint action 
above the limit of elastic behavior is most readily 
treated from the standpoint of empiricism. Principles, 
based on the test results, are suggested, but such princi- 
ples can be extended for general application only when 
appropriate emoirical data are available. 


SYMBOLS 


A cross-sectional area, square inches 

C bolt constant, dependent upon elastic properties, 

geometric shape, dimensions, and manner of loading 
of bolts, and upon bearing properties and thick- 
ness of plates, inches per kip 

D bolt diameter, inches 

S 'Young’s modulus, tension or compression, ksi 

G shearing modulus of elasticity, ksi 

I geometric moment of inertia, inches^- 
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K plate constant for tension or compression loading, 
deoendent upon geometric shape, dimensions, 
elastic properties of plates, and assumed stress 
distribution, inches cer kip 

L length, inches 

M bending moment, inch -kips 

N number cf bolts in transverse row 

P external applied load, kips 

R bolt load, kips 

b plate width, inches 

p pitch, inches 

t thickness, inches 

w uniform load on bolt per unit length, kips per inch 

x distance measured along bolt axis, inches 

y distance measured in plane of loading normal to bolt 
axis, inches 

a numerical factor for beams by which average shearing 
stress is multiplied in order to determine 
shearing stress at centroid of a cross section 

5 deflection of bolt, inches 

A deformation 

c tensile strain 

a direct stress, ksi 

T shearing stress, ksi 

Subscripts : 

P fixed-end 


av 


average 
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b bolt 


bb bending of bolt 
br bearing 


bs shear of bolt 


cr critical 

1 any transverse row of bolts 

n last transverse row of bolts with reference to end 
of butt strap 

p any plate, or main plate 

s butt strap 

Special combinations of symbols: 


P L measured internal load in lower main plate (see 

fig. 1) at a section where should equal P, 

kips 


P s measured internal load in butt straps at center of 
joint, where P g should equal P, kips 


Py measured internal load in upper main plate (see 

fig. 1) at a section where Py should equal P, 
kips 


i-1 

X> 

1 


summation of all bolt loads from row 1 to row i, 
excluding row i 


THEORY AND BASIC ASSUMPTIONS 


Elastic behavior of joints . - A bolted joint is a 
statically indeterminate structural system and can be 
analyzed as such a system if certain conditions are known 
or assumed. The theoretical solution given in appendix A 
for the determination of the loads carried by bolts in 
symmetrical butt joints is based upon the following con- 
ditions : 

(1) The ratio of stress to strain is constant 
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(2) The stress is uniformly distributed over the 
cross sections of main plates and butt straps 

(3) The effect of fr Lotion is negligible 

(k) The bolts fit the holes initially, and the 
material of the plates in the immediate vicinity of the 
holes is not damaged or stressed in making the holes or 
by inserting the bolts 

(5) The relationship between bolt deflection and 
do It load is linear in rhe elastic range 


On the basis of these assumptions, it is found for sym- 
metrical hurt joints that the relationship between the 
loads on any two successive belts in a single line of 
bolts is 


Ci 2K p + k 3 

*1+1 = — *i + ■ £■ : - 


'i+1 


C 


i + 1 


2K p 2Ko + K s 

o_p + . * 


'i+1 


R 


'i + 1 


( 1 ) 


Equation (1) is used in the computation of bolt loads in 
appendix B. 

Based on assumptions 1 and 2, the plate constant F 
may be stated as 


K 


btE 


( 2 ) 


The linear relation between bolt load and deflection 
( assumption 5) may be expressed in terms of the bolt 
constant C as 



C 


% 




(3) 


In the determination of C it is assumed that the 
bolt acts as a fixed-end beam with the bolt load R dis- 
tributed uniformly along a length equal to the main-plate 
thickness. Acting in the opposite direction, the bolt 
load is uniformly distributed along two lengths, each 
equal to the butt-strap thickness. Bearing stress is 
computed in the conventional manner as bolt load divided 
by an area that is determined by projecting the bolt 
diameter on the plate thickness; and bearing deformations 
are expressed in terms of the compressive moduli of the 
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materials and dimensions of the bolt and plates. Prom 
these considerations, C may be stated as follows for 
joints made of 2l|.3-T plates with a butt-strap thickness 

of one-half the main-plate thickness ft s = 
fastened with alloy-steel bolts? \ 



C = 


e 

'kp^'bb 


0.13 



2.12 + 



+ 1.87 l (I 4 .) 


For other symmetrical butt-joint arrangements, expressions 
for C are given in appendix A. (See equations Al6 to 
A22.) 


The third assumption (that the effect of friction is 
negligible) gives rise to a highly controversial point in 
the literature on riveted joints. It appears, at least 
in the design range common in civil-engineering practice, 
that a large part of the joint load is carried by friction 
in hot-riveted joints and in bolted joints if the bolts 
are drawn tight. Tests reported by Hill and Holt (refer- 
ence 2, pp. 464-I4.69) indicated, however, that friction is 
of little importance as a factor in the behavior of 
riveted joints. Epstein (reference 7 ) also conducted 
tests that indicated minor frictional effects in cold- 
riveted joints. 

Apparently the fourth assumption (that the bolts fit 
the holes) would seldom be fulfilled in an actual joint, 
and departure from this assumption ’would be determined 
largely by fabrication methods. It should be remembered, 
however, that although the presence of numerous bolts In 
a joint makes the likelihood of errors from extraneous 
sources greater, the percentage deviation from the pre- 
dicted theoretical bolt load will probably be less than 
in the case where only a small number of bolts make up 
the joint, because such errors are distributed among a 
larger number of bolts in the first instance than in the 
second. It may be anticipated, therefore, that the main 
features of the analysis will hold when connections are 
joined with several bolts and when good shop practices 
are used. 

Further consideration of the second and fifth assump- 
tions is made in the discussion cf the analysis of test 
data, and the third and fourth assumptions were fulfilled 
insofar as practicable in the fabrication of test specimens. 
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Inelastic beha vior of joints .- As load on a joint is 

increased, a load is reached at which yielding of the 
plates or of the holts occurs. Whether yield takes place 
first in the plates or holts or occurs simultaneously. in 
both depends upon their relative dimensions and elastic 
properties. It is therefore possible for one component 
to act elastically and the other inelasti cally , but the 
yielding of any component constitutes the beginning of. 
inelastic action of the joint as a whole. Interpretation 
of this viewpoint, however, should be practical and 
should not include yielding of small regions where there 
are stress concentrations when such yielding has.no 
appreciable effect on the over-all elastic behavior of 
the joint. A part of the behavior of a joint may be pre- 
dicted from an elastic theory, and empirical methods may 
be employed in the determination of the upper limit of 
elastic action and of joint behavior above this elastic 
limit. This upper limit of elastic action is termed the 
"critical bolt load" R cr in this paper. 


In the anal7/-si3 of three -bo It joints in which the 
main plate and butt straps are of the same width and 

tn 

material with t s = -j- and are joined by bolts that are 

all of the same size and material, the following procedure 
may be used to predict the joint-load against the bolt- 
load (P-R) reiationshios throughout the elastic and yield 
ranges to joint failure. The procedure, however, has not 
been extended to include other joint arrangements because 
only two- and three-bolt joints were tested. For the 
elastic range, the P-R relationships may be estaolished 
by means of equation (1).' These relationships may be 
plotted and the experimentally determined value of R cr 
plotted on the P-R curve for the most heavily loaded bolt, 
which is either end bolt for the case under consideration. 
The end bolts can be shown to support equal loads, and 
either one carries a greater load in the elastic rang© 
than the middle bolt. (See appendix C») A straight line 
may be drawn connecting the points for R cr and the 
average bolt load at failure, which is equal to the joint- 
failure load divided by 3; thus the P-R curve lor either 
end bolt is completed. The end-bolt load Ri may be com- 
puted for any ioint load from equations of the straight 
lines obtained" as outlined. Load R 2 on the middle bolt 
may be found at any given joint load as — P - 2Rl« 

The values of R2, however, are of less importance than 
the greater loads Ri on the end bolts and in many cases 
it is unnecessary to compute values of R 2 . 
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TEST SPECIMENS AND PROCEDURES 
Specimens and Apparatus 


Specimens . - Materials common to aircraft construction 
were used for the test specimens, which were selected to 
provide a plate-thickness range sufficient to check the 
applicability of the theory. Six symmetrical butt-joint 
specimens - three of the two-bolt joints and three of 
three-bolt joints - were fabricated and tested. Each 
specimen was made symmetrical about its transverse center 
line. Such a condition provides duplicate test specimens, 
as the theoretical behavior of the part of the joint on 
one side of this center line is identical with that of the 
part on the other side of the line. The specimens were 
classified in two groups, A and 3. It was decided to 
test two-bolt joints (group A) in order to procure infor- 
mation in regard to the reliability of the method for 
determining bolt loads from strain measurements and to 
secure additional information which might serve in the 
interpretation of data obtained from tests of three-bolt 
joints. The three-bolt joints (group B) were chosen to 
furnish an experimental check of the theory and to expe- 
dite testing and the analysis of data. 

In all cases, the material of • the plates was 2 I 4 .S-T 
aluminum alloy and the bolts were ^-inch aircraft bolts, 

equivalent to those specified in reference 8 of heat- 
treated alloy steel with minimum ultimate tensile and 
shearing strengths of 125 ksi and 75 ksi, respectively. 


Specimens A-l and B-l were of balanced design based 
on the usual assumption that load is divided equally 
among the bolts. The design stresses were 62 and 99 ksi 
for tension and bearing of the plates, respectively, and 
75 ksi for shearing of the bolts. Although reference 8 
permits a greater allowable tensile stress, it was con- 
sidered advisable to use 62 ksi to attain the actual 
shear strength of the bolts. Specimen' A -2 and B-2 were 
designed to fail in shear; and specimens A -3 and B~ 5 > in 
tension. In every case, the butt-strap thickness was 
one -half that of the main plate. A width of li^ inches 


and a pitch of 2 inches were used for all specimens in 
order to accommodate the strain gages. A wring fit was 
used to fit the bolts in all specimens. In preference to 
washers, collars made of i-inch steel tubing were placed 
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under the nuts to eliminate hearing of the plates on bolt 
threads. When the specimens were assembled, the nuts were 
first tightened to bring the plates together and then, in 
order to eliminate friction forces insofar as practicable, 
were loosened to cause firm contact between the bolt heads 
or collars and plates. The specimens are shown in figure 1 
and their dimensions are given in table 1. 

Apparatus.- Load was applied in tension by means of 
a hvdrau li c testing machine having 100-kip capacity and 
an accuracy within 0.5 percent. Wedge grips were used to 
apply load' to specimen A-l, and the remaining specimens 
were gripped with Templin grips of 50-kip capacity. 

Strain was measured by Tp-inch SE-li electrical gages. 

With these gages, the error in strain measurement did not 
exceed 2 percent. An attempt was made to measure bolt 
deflections by means of micrometer microscopes but was 
abandoned because the instruments were not sufficiently 
precise to measure the small deflections that occurred in 
the elastic range. As load was applied, enlargement of 
the gap between main plates was measured with 1-inch 
Tuckerman optical strain gages. The arrangement of elec- 
trical strain gages is shown in figure 1 and the general 
test arrangement for a typical specimen is shown in 
figure 2. 


Testing Procedure 

The width and thickness of each plate were measured 
at several points along the length of the plate with a 
micrometer caliper of 0.0001-inch precision, and the bolt 
diameters were checked as a precaution against the use of 
appreciably irregular bolts. 

Loading tests in the elastic range .- In the loading 
test 3 in the elastic range, load was applied in six or 
seven (usually equal) increments to a load approximately 
equal to 1+5 percent of the estimated ultimate load. The 
specimen was then unloaded with repetition of the incre- 
ments used in the application of increasing load. This 
process was repeated twice, with the specimen thus sub- 
jected to three complete cycles of loading. Strain 
readings were made at each increment of load. This pro- 
cedure was followed in testing all joints with the excep- 
tion of specimen A-l, which was loaded directly to failure. 
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Loading tests to failure .- After the first phase of 
testing, the specimens were xoaded to failure. Load was 
aorlisd in 12 to IS increments until failure occurred. 
Strain and the increase in 'width of the gap between main 
elates were observed at es.cn load increment. Photographs 
of the fractured specimens are shown as figures 3 and 4 . 

Au xiliary tests .- ‘-’tress-strain data were secured 
from tests of standard tension specimens representing the 
plate components of the joints. The location of the ten- 
sion specimens in relation to the plates from which they 
were obtained is shown in figure 1. 

Shear tests of single bolts were conducted in order 
to evaluate a double-shear strength that would be repre- 
sentative of the bolts employed in joining the specimens 
of groups A and 3. For these tests, the plates were of 
S.A.E. 61SC heat-treated steel and a wring fit was used 
to fit the bolts. The dimensions of the specimens are 
shown in table 1. As it was desired to compare separately 
determined bolt deflections with average values computed 
from the movement of the gap, three sets of deflection 
measurements we re obtained in each of two tests. hove- 
ment of the gap was determined in the manner used to 
secure similar data for specimens of groups A and 3. 
Deflection measurements for both bolts were obtained 
separately by placing 2-inch Tuckerman gages on opposite 
faces of a specimen with the fixed knife edge of a gage 
on the butt strap and with the lozenge on the main plate. 
Precautions were taken to ensure approximate parallelism 
between the gages and plate surfaces. 


PRESENTATION AND DISCUSSION OF RESULTS 

Determination of Bolt Loads and Deflections 
from Test Data 


The experimental bolt loads were obtained by finding 
the loads in the butt strans at sections midway between 
bolts; the difference between loads at two adjacent sec- 
tions was considered to be equal to the load on the inter- 
vening bolt. Butt-strap loads were computed from strain 
data; and for specimens A-l, A-2, 5-1, and B-2 the loads 
were corrected for the effect of lateral bending moment 
in the butt straps, which acted in a plane normal to the 
plane of the strans . The lateral moment was induced by 
eccentricity of the resultant of the part of a bolt load 
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that was transmitted to one butt strap. The curves of 
the butt-strap loads P s are plotted in figures 5( a ) to 
15 (a) to illustrate the effect of lateral bending and are 
shown in conjunction with the curves of joint load against 
bolt load because of the interrelationship of these curves 
owing to the use of P s . in the determination of correc- 
tion factors. Calculation of butt-strap loads, the pres- 
ence of lateral bending moment, and the correction pro- 
cedure are explained in appendix D. 

The methods used in the determination of bolt deflec- 
tions are based on relative movements of the main plates 
and butt straps. Elongation of either the main plates or 
butt straps, depending upon the location of instruments 
used to measure joint movements, 'was included in measure- 
ments obtained during the tests. Deflections were com- 
puted by subtracting such elongation (considered to be 
PL/AE) from the test measurements. A more detailed expla- 
nation of the methods employed is given in appendix D. 


Curves of Joint Load Against Bolt Load 

The main results of this investigation are presented 
in the form of curves of joint load against bolt load 
shown in figures 5 15 • These curves show the load 

history of each bolt and indicate the behavior that may 
be expected of bolts loaded under conditions similar to 
those of the tests. 

Elastic behavior of test specimens .- Figures 5 to 9 
show bolt- load values determined from the loading tests 
in the elastic range. The curves accompanying the plotted 
points represent experimental curves for the same bolts 
obtained from the tests to failure. During the testing 
of specimen A-3> the strain gages at the center of the 
joint on one butt strap became loosened. As a result, 
the values of P s , R 2 , and R 3 could not be determined; 

hence, only the curves for R^ and R[| are shown in 

figure 6 . Replacement of the inoperative gages was made 
prior to the testing of specimen A-3 to failure. Inspec- 
tion of figures 5 to 9 shows that there is good agreement 
among the repeated bolt loads and between these loads and 
the curves from tests to failure. 

Figures 10 to 12 give the results of testing the 
specimens of group A to failure. Both theory (appendix C) 
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and tbs conventional method of analysis (that is, the 
assumption of equal loads carried by the bolts) indicate 
that the P-R curves should be represented by the equation 
R = 0. 5 OOP. This curve is not shown, however, as it was 
considered more informative to give the experimental 
curves and their equations. In every case, the equation 
given for a curve applies to the initial straight-line 
portion of the curve. In general, it may be seen that 
deviations of 3 to 11 percent from an equal distribution 
of load to the bolts occurred in the two-bolt joints. 

The maximum deviation from equality of bolt loads occurred 
in the right end of specimen A-2, wherein the fourth bolt 
supported about 20 percent more load than indicated by 
either the elastic or the conventional analysis. It 
appears that differences between loads carried by the two 
bolts in one end of a joint were due to fabrication ine- 
qualities and variability of the properties of the bolts. 
Considerable variation of bolt characteristics was shown 
by results of the auxiliary shear tests; that is, bolts 
which were presumably identical and under the same loading 
conditions deflected amounts in the elastic range that 
differed by as much as 35 percent, and double-shear 
strengths were found to range from 5 to 3 2 percent greater 
than stipulated by the specification in reference 8. (See 
table 2 . ) 

Figures 13 to 15 show bolt loads that were obtained 
from tests to failure of the specimens of group B and are 
plotted for comparison with analytical curves, which are 
shown only up to that load above which they no longer may 
be considered applicable. The analytical expressions 
given in the figures were obtained by use of equation (1); 
the manner in which they were determined and sample calcu- 
lations are given in appendix C. 

For the three-bolt joints, the P-R curves (figs. 13 
to 15 ) clearly show the inequality of bolt loads within 
the elastic range. The end bolts (1, 3> and 6) carried 
loads that differed from the analytically determined bolt 
loads by amounts ranging from 3 to 10 percent of the ana- 
lytical values. In some instances differences of about 
20 percent were found but are considered to be of little 
importance as they occurred at bolt loads below one-third 
of the critical bolt load R cr . The middle bolts (2 and 
5) supported loads that differed from the analytical bolt 
loads by amounts ranging from 5 to 20 percent of the ana- 
lytical values. Loads on the middle bolts, however, were 
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less than those on the end bolts in all cases and, conse- 
quently, are not of so much interest as the end-bolt 
loads. In the determination of values of R]_ and R£>, 
the probable experimental error is estimated to be about 
5 percent, if the effects of lateral bending of the butt 
straps are excluded. Loads on bolts 2, 3, 4, and 5 were 
found indirectly and the probable experimental error was 
about 10 percent. Most of the discrepancies between 
experimental and analytical bolt loads therefore cannot 
be distinguished from experimental error. 

Inelastic behavior of test specimens .- The upper 
limit of elastic action of a test specimen is marked in 
figures 10 to 15 as the critical bolt load R cr . Above 
Rcr a joint as a whole is considered to behave inelasti- 
cally although, at loads approaching and above R cr and 
in some cases from R C r to joint failure, there probably 
is a complex behavior with some components yielding in 
highly stressed regions and. with continued elastic action 
of other components. The critical bolt loads Rcr and 
the empirical curves shown in figures 13 to 15 were 
derived from the experimental results and are explained 
in the following section. 

The test results indicate that yielding of the 
plates in bearing under the most heavily loaded bolts , 
yielding of these bolts in shear and bending, or a combi- 
nation of both caused a process of bolt-load equalization 
to take place between R cr and joint failure which 
resulted in an approximately equal distribution of load 
among the bolt3 at joint failure. Joint behavior of this 
nature accoxmts for the findings of early investigators 
who made ultimate-strength tests of riveted joints and 
reported that load was about equally distributed among 
the rivets. 

The equalization of bolt loads is best illustrated 
in figure 15, which shows the behavior of the three-bolt 
joint, specimen B-3* Comparison of measured bolt loads 
with values obtained from the empirical curves of fig- 
ure 15 shows that the experimental bolt loads are within 
I4. percent of the empirical values with the exception of 
the P-R2 curve, for which the maximum difference is 
about 8 percent. Although the failure of specimen B-3 
was caused by failure of the butt straps in tension, it 
may be seen that the bolt loads were approximately equal 
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at failure of the specimen. An equal distribution of 
loaci. to the bolts at joint failure is als^ indicated by 
results of the tests in which specimen failure was due 
to shearing of the bolts. Specimens A-l, A-2, and 3-2 
failed in this manner. Average bolt loads at failure of 
these soecimens agree closely and are also in agreement 
with most of the ultimate loads found in the auxiliary 
shear tests of sin' le bolts. Values of the bolt loads 

just mentioned are given for comparison in table 3 • For 

the bolts that failed in shear (3 and ip) i n specimen A-2, 
final measurements were obtained at a joint load 1|0 pounds 

below the ultimate, and the bolt loads R 7j and Rp were 

within 3 percent of equality when the final measurements 
were taken. (See fig. 


(See fig. 11.) 
loads R, and Ri, above 


p 


The equalization of bolt 
, icr> i.s also effectively shown 

in figure 11. Since bolts 1 and 2 in specimen A-l failed 
in shear, it is of interest to note from figure 10 that 
extension of the curves for R^ and Rp to the joint- 
failure line indicates that these bolt loads were within 
1+ percent of equality at the time of failure. In speci- 
mens A-l and A-2 the distribution of load to the bolts 
that did not fail (3 and Ip for specimen A-l, and 1 and 2 
for specimen A-2) did not approach equality to the same 
extent as was the case for the bolts that failed. The 


curves for load on the bolts that did not fail (figs 
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and 11) diverged from equality at failure of specimens A-l 
and A-2 by about 13 and 9 percent, respectively. In view 
of the variable bolt characteristics pointed out in the 
precedin'" section, however, little importance is attached 
to this divergence. In general, specimen A-3 behaved as 
expected, and it appears from the curves in figure 12 


that the bolt loads 
of the joint. 


were approximately equal at failure 


In figures 13 and lq. (specimens B-l and 3-2, respec- 
tively), the points above R cr show the effect of lateral 

bending of the butt straps to such an extent that no 
credence is, given them as a true representation of the 
bolt-load relationships. Although these points were com- 
puted in the same manner as the others, the means of 
correction did not fully account for the bending at high 
loads; the points were plotted, as were the p g -curves, 
to show the nature of errors arising from this source. 

The fact that failure of specimen B-2 was due to shear 
failure of bolts 1, 2, and 3> however, is forceful evi- 
dence that these bolts were about equally loaded at the 
time of failure, becai^se the average bolt load at failure 
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Is in good agreement with similar bolt-load values found 
in other tests. (3ee table 5 .) Specimen A-l acted some- 
what differently above R cr than the other specimens, 
but it may be seen in figure 10 that the general tendency 
v/ as toward equalization of bolt loads at joint failure. 
Attention is called to the test conditions: specimen A-l 

was tested in wedge grips, and bending of the joint as a 
unit, revealed by strain gage3 on the main plates, existed 
to an undesirable extent. Perhaps averaging the strain 
measurements did not fully compensate for this effect and 
gave an indeterminable error in the computation of bolt 
loads. The use of Templin grips precluded bending of the 
entire specimen sufficiently to lend assurance of a negli- 
gible effect on the remaining specimens. 

The fact that all bolts in the two-bolt specimens 
did not carry equal loads was probably due to inequalities 
in fabrication and variation in the bolts. Because these 
specimens contained only two bolts, the importance of such 
conditions was magnified in the two-bolt joints but was 
less disturbing in the three-bolt joints. For practical 
purposes, however, there was a uniform distribution of 
load among the bolts of each test specimen at failure. 

Critical bolt loads and basis of empirical curves . - 
The general behavior of specimens A-l, A -2 , and B-3 Q- s 
depicted in figures 10, 11, and lp suggests that the upper 
limit of elastic action of a joint subject to static 
loading can be termed the "critical bolt load" R CJ? . The 

critical bolt load is dependent upon the factors that 
contribute in bringing about equalization of bolt loads, 
which are yielding of the plates in bearing under the most 
heavily loaded bolts and yielding of these bolts. Such 
yielding is dependent upon the mechanical properties, 
dimensions, geometric form, and manner of loading of the 
plates and bolts. From these considerations, the criti- 
cal bolt load R cr is defined as that bolt load at which 

yielding of the plates or bolt or a combination of both 
occurs to start the action of bolt-load equalization. 

The critical bolt lead is found from an experimental curve 
as the value of R at the intersection of the straight- 
line portion of' the lower part of the P-R curve with that 
of the upper part and is determined from the curve for 
the bolt that carried the greatest load when yielding 
occurred. The method is illustrated in figures 10(b) and 
ll(b\ Evaluation of R cr for purposes of design or analy- 
sis requires data in regard to the appropriate plate and 
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bolt bearing strengths and shear strengths of bolts. For 
the test specimens, loads and stresses at R cr and fail- 
ure are given in table 3 * 

Empirical curves for the three-bolt joints are based 
on the observation that the general trend of the bolt 
loads above R cr was toward equality, at failure of the 

joints. The curves were obtained for the end bolts by 
drawing a straight line connecting the point representing 
R cr with the point plotted for the average bolt load at 

joint failure. The point representing R cr was deter- 
mined as the intersection of the vertical line that 
locates R cr along the R-axis with the analytical curve 

obtained from the elastic analysis. The average bolt 
load at failure was computed as the ultimate joint load 
divided by the number of bolts that supported the joint 
load. Curves for the middle bolts (2 and 5) were obtained 
from conditions of symmetry and equilibrium; that is, 

R 2 ~ P - 2R]_ . 

In order to determine empirical curves for speci- 
mens B-l and B-2, data from the tests of specimens A-l 
and A-2 were used. Because of the curvature of the upper 
parts of the P-R curves for specimens 3-1 and B-2 (figs. 13 
and 1 I 4 .), R cr could not be determined for either speci- 
men. The value of R cr shown in figure 13 for specimen 
B-l was computed from the average of bearing stresses 
calculated for the critical bolt loads of specimens A-l 
and A-2. Inasmuch as the plates of specimen 3-2 were of 
the same thickness as those of specimen A-2, the two 
soecimens should have had the same value of R Cr ; for 

this reason, the value shown in figure lip is the same as 
the value obtained from the test resvilts for specimen A-2. 
Empirical curves for specimens B-l and 3-2 were con- 
structed with the values of R Cr , thus found as the 
starting points and the average bolt loads at failure 
as the end points . 

The bolt-load-equalization process probably starts 
before R cr is reached; but R cr , as ’ ase d herein, pro- 
vides a definable limit for the transition from formulas 
based on the assumption of elastic behavior to empirical 
expressions. Such empirical expressions are of practical 
interest as a basis for design at limit load, because 
such design generally comes within the range between R cr 
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and failure and current design methods make no allowance 
for the unequal distribution of load among the bolts that 
exists within the greater part of this range. The process 
of bolt-load equalization is undoubtedly more complicated 
for joints containing more bolts in line than the speci- 
mens of the present tests. As a result, it is improbable 
that relationships for empirical curves above R cr for 

multirow joints are as simple as those found in the 
present tests. It appeal’s probable that failure of the 
initial bolts in a multircw joint may occur before the 
process of equalization is completed and may thus cause 
joint failure at a load appreciably less than the sum of 
the ultimate strengths of the individual bolts. 


Curves of Bolt Load Against Deflection 

Deflection of bolts in specimens of groups A and B . - 
Curves of bolt load plotted against deflection are pre- 
sented in figure 16. The curves of figure l6(a) show 
average deflections 6 av of the two central bolts, one 
on each side of the gap between main plates, in each 
specimen of groups A and B. In plotting the curves cf 
R against 6 av , the values of R were those computed 
from strain data and used to plot the P-R curves. Curves 

pro 

obtained by means of equation (3), 5 = are plotted 

for comparison with the experimental curves; and deflec- 
tions corresponding to the values of R or determined 
from the P-R curves are shown. 

It may be seen in figure 16(a) for the specimens of 
groups A and 3 that, in general, bolt deflection increased 
rapidly after the critical bolt load R cr was reached. 
Belov/ R cr there is excellent agreement between the 
experimental curves for specimens A-2 and B-2, which is 
in conformance with theory since both specimens were of 
the same thickness and fastened witn bolts of the same 
size and material. There is good agreement, moreover, 
between the experimental points and the plot of equa- 
tion (3), as the greatest difference for either specimen 
is about 10 percent of the corresponding analytical value. 
For specimen B-l, the experimental curve diverges from 
the curve of equation (3) between the origin and R cr by 
a maximum of ij-5 percent and shows a divergence of about 
30 percent at R cr . Such disparity is not surprising, as 


NAG A TN No. 10 5 1 


19 


the auxiliary tests show that presumably identical bolts 
may deflect amounts that differ by as much as 35 percent 
and the two methods used in the determination of 5 oir 

yield results that may differ by approximately 15 percent. 
The experimental deflection at R cr for specimen A-l was 

about 36 percent greater than the value computed by means 
of equation (3); and between the origin and about i^H cr , 

4- 

the differences were between 10 and 20 percent. 

The experimental relationships for specimens 3-3 and 
A — 3 > as shown in figure 16 (a), are represented by defi- 
nitely curved lines. Apparently the straight line repre- 
senting equation ( 3 ) is analogous to the secant line used 
in determinations of the secant modulus of elasticity for 
materials having nonlinear stress-strain curves. Up to 
a bolt load of one -fourth of the average bolt load at 
failure, the measured deflections were approximately 
70 percent less than the analytical values; and at one- 
half the average bolt load at failure, about l | 5 percent 
less. The curve for specimen 3-3 crosses the analytical 
curve at about 0.8 of the average bolt load at failure; 
and the curve for specimen A-3, at about O. 63 . 

Deflection of bolts in auxiliary (steel) specimens . - 
The bolt load against deflection (R-6) relationships for 
bolts in two specimens for the auxiliary shear tests are 
shown in figure 16(b). Prom these relationships a com- 
parison is made between two methods for the experimental 
determination of average bolt deflection, and deflection 
characteristics of bolts loaded under the same conditions 
are compared. The R- 6 -^ and R -52 curves show deflec- 
tions that were determined separately for each bolt. 
Deflections 8 g and 62 were averaged and are plotted 
for comparison with values of 6 av , which were computed 

from data for spreading of the gap between main plates; 
and curves obtained from equation ( 3 ) are shown for com- 
parison with the experimental results. 

In figure 16 (b), the experimental deflections 5q 
of bolt 1 in specimen 1 and 62 and 6 av of the bolts 
in specimen 2 agree with values calculated by means of 
equation (3) within 3 percent below R = 5 kips. The 
measured deflections 62 and 6 av of the bolts in speci- 
men 1 were approximately 25 percent less and the deflec- 
tions 6 g of bolt 1 in specimen 2 were about 35 percent 
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greater than values of deflection determined from equa- 
tion (3). The averages of 6 q and 62 were about 
15 percent less for specimen 1 and about 15 percent 
greater for specimen 2 than deflections computed by means 
of equation (3)> and both sets of average deflections 
were from 10 to 15 percent less than corresponding values 
of 5 a V i which were based on measurements of gap move- 
ment . 


Discussion of results in re lation to the R-S curves . - 
It is seen from the deflection curves ( f ig . 16 ) that R^r r , 

as determined from the P-R curves, was the load carried 
by a bolt near the beginning of appreciable yield of the 
bolts or plates or both. It may also be noted that a 
greater rate of deflection of the bolts in the steel 
specimens occurred above a load of 5 kips whereas in the 
aluminum specimens this action always commenced at lower- 
loads. Such action is due to differences in the bearing 
behavior of the two materials. 

For the comparatively thin specimens, A-3 and B-3 
^for which -p- = I. 5 I 4 . and 1.33 » respectively^, the rela- 
tionships between load and deflection were nonlinear; for 
the thick specimens, A-2 and B-2 ^for which — - 0 . 50 ^, 

approximate linearity was shown to about 60 percent of 
the ultimate bolt load; and for the specimens of balanced 

design, A-l and B-l ^for which ~ = 0.80 and O. 67 , 

respectively^, approximate linearity existed to about 

50 percent of the average bolt load at failure. Probably 
the difference in behavior of bolts in the various speci- 
mens may be attributed to bearing action. The effects of 
bearing vary with the bearing properties and the relative 
dimensions of the bolts and plates , and bolt deflection 

in the thin specimens Qp— = 1.33 and 1*5^ v/as largely 

dependent upon bearing action. The observed nonlinear 
relationship for deflection of the bolts in specimen B-3 
explains, for the most part, the slightly curved shape of 
the P-R variation for specimen 3-3 (fig. 15)* In the 
calculation of bolt deflection by equation (3) the bearing 
terms in the expression for C have less influence on 
the results for' a constant bolt size in specimens with 
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thick plates 


(t 


( 


D 


= 0.50 to 


0.8o\ 

) 


than with thin plates 


P 

thi ck 


— - 1.33 a -nd 1.5 It appears, furthermore, for the 


specimens 


= O. 5 O to 0 .80 j that equation 


(3) 


/J 1 

vp 

furnishes as satisfactory an approximation of deflection 
as measured values, because of the variation in the 
bolts and uncertainty that evidently attends the experi- 
mental determination of bolt deflection, also, despite 
the nonlinearity of R-5 curves for the thin specimens, 
the assumption of a linear relation between bolt load 
and deflection was sati sf actory for u3e in conjunction 
with equation (1) to establish P-R curves for speci- 
al 


men B- 2 ) 



= 1.33 


> 


Fortunately, the analytically determined bolt-load 
relationships are relatively insensitive to appreciable 
changes in magnitude of the bolt constant C or the plate 
constant K; nevertheless, further investigation of these 
factors is necessary. The effect of bearing has a large 
influence on the magnitude of C, and the present test 
results that are given as R-5 curves point to greater 
uncertainty of the adequacy of the bearing terms than 
other terms in the expression for 0. In addition, 
further study of K is desirable, as short pitch may 
cause behavior that would make the actual bolt loads 
more dependent upon this factor than is indicated by 
present knowledge. 


CONCLUSIONS 


The following conclusions are drawn from the results 
of this investigation and apply to symmetrical butt joints 
made of 2ipS-T aluminum-alloy plates joined by two or three 
wring-fitted alloy-steel bolts of the same size with the 
bolts in a single line in the line of applied static load; 

1. For joints in which the total load is imposed on 
three bolts, the bolt loads are not equal in the elastic 
range, as assumed in conventional analysis, and can be 
calculated within about 10 percent by means of the expres- 
sions presented in this paper. 

2. Above the elastic range, a process of bolt-load 
equalization takes place as a result of yielding of the 
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plates in bearing, yielding of the bolts in shear and 
bending, or a combination of both; for practical purposes 
this action causes the bolts to support equal loads when 
joint failure occurs. 

3. Above the elastic range, also, the analytical 
curves can be extended in an empirical manner and this 
extension may be used to provide a basis for limit-load 
design. 

J4.. For joints in which the total load is imposed on 
two bolts, the distribution of load to the bolts at the 
ultimate joint load is less affected by fabrication ine- 
qualities and variability of materials than is the distri 
button in the elastic range. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. , December 20, 19I+.5 
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APPENDIX A 

DEVELOPMENT OF ANALYTICAL EXPRESSIONS USED IN 
DETERMINATION OF BOLT LOADS FOR ELASTIC 
BEHAVIOR OF SYMMETRICAL BUTT JOINTS 
General Bolt-Load Relationship 


Definitions and assumptions . - The type of bolted 
connection de alt wTtK" herein Ts termed a "symmetrical 
butt joint.' 1 In order to clarify the meaning of this 
phrase, the joint arrangement is defined by the following 
conditions : 

(1) The butt straps must be of the same thickness 
and material. (A butt strap and the main plate may be of 
different materials and may have any thickness ratio. ) 

(2) The bolt pattern must be symmetrical about the 
longitudinal center line of the joint. (The pattern may 
be unsymmetrical about the transverse center line lying 
in the gap between main plates; such a case constitutes 
two separate problems in the determination of loads 
carried by bolts in the two halves of the joint.) 

(3) 3olts in the same transverse row must be of the 
same size and material but need not be the same as those 
in any other row. 

In the analysis of a joint as a statically indeter- 
minate structure, there are certain conditions that must 
be known or assumed. For the present solution, the 
following assumptions are made: 

(1) The ratio of stress to strain is constant. 

(2) The stress is uniformly distributed over the 
cross-sections of main plates and. butt straps. 

(3) The effect of friction is negligible. 

(ij.) The bolts fit the holes initially, and the 
material in the immediate vicinity of the holes is not 
damaged or stressed in making the holes or inserting the 
bolts , 
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(5) The relationship between bolt deflection and 
bolt load is linear in the elastic range and may be 

CR 

expressed as 5 = — , in which C is a bolt constant 
to be determined subsequently. 

Analysis of symmetrical butt joint fastened by bolts 
in a single line in line of applied load .- Briefly, solu- 
tion of the problem consists of the following steps: 

After load is applied, a part of the joint between bolts 
i and i + 1 within the joint is considered (fig. l8), 
and the length p + A^ along the main plate between the 
two bolts is added to' the deflection of bolt i + 1 and 
equated to the length p + A a v along the butt straps 
between the two bolts plus the deflection of bolt i. 

The deformations are expressed as functions of the load 
and deformation characteristics of the plates and bolts. 
The resulting equation is solved for the bolt load Ri+l 

in terms of the bolt load R^ , the joint load P, and 
the elastic constants of the plates and bolts. 

It may be seen in figure 13 that 

p + A p + 5i+i = p + A s + Si 


or 


Si 


+ 1 = 5!- A. d 


+ A 


Prom assumption ( 5 ), 


(Al) 


'i+1 


i+1 


R 


i+1 


and 


C i 

= -r R i 


(A2) 


The load in the main plate between bolts i and i+1 
is equal to the joint load P minus the sum of the loads 

on all bolts ^ I? preceding the part of the joint under 

1 

consideration; that is, 

i 

Load in main plates between bolts i and i + 1 = P - 21 
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The loads in the butt straps between bolts i and 
i + 1 are equal to the Siam of the loads transmitted to 
the butt straps by all bolts preceding the section under 
consideration; and since there are two butt straps, 

1 i 

Load in one butt strap between bolts i and i + 1=— > R 


1 

With these relations and the second assumption, the 
plate deformations may be written as 


A = — £— 

P bt R 


P - 


1 

]Tr 
1 , 


\ 


A = I P 

S 2 b t _E 


>_R 

1 


Let 


bt p E = ^ 


p 

■ — 4 — - K«, 
bt„E s 


The plate deformations may then be written 


*p = K p 


i \ 


P - > R 


Kg 

A = — 
s 2 


A5) 


Substituting expressions (A2) and (AJ) into equation (Al) 
gives 



Solve for Rp + q 


R i+1 


£i_ 

'i+1 


Ri + 


2R P + K s _L 

c i+l 1 ~ C i+1 


(Ail) 
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Numerical work is facilitated by letting 

i 1-1 

■^_R = R x + >_. R 


1 


Rewrite equation (Al+) 
Ci 


_ _ ^ + 2K p + K s _ _2K. 

H i+1 ' c 1+1 "i * o i+1 ' 1 * C 1+1 


O ^ IV P + ;V S -S-- 

p P + — I_R (A5) 


^i+l 


Squat ion ( A5) is the general relationship between 
tlie loads on any two successivo ooj.ts. In t,i6 1 opm. saO'./n, 
this e qua t ion is readily adaptable to numerical calcu 


„y.~ 

t'i on without obtaining genera" 1 formulas for loads carried 
bv individual bolts of the joint. If deemed preferable, 
equation (A5) may be U3ed to determine general expres- 
sions for individual bolt loads. The numerical procedure 
is illustrated in appendix 3, and general formulas for 
loads on the bolts of the three-bolt tost specimens are 
shown in appendix C. 

A case that occurs frequently is that in which the 
bolts are all of the same material and size and the butt 
straps are of the same material as the main plate witn a. 
thickness equal to one -half that of the main plate. 

Tnen 


c i ~ c i+l “ c 


and 


2Kp = K g 


R i+1 


= Rj 


2i£g Kg 2 Ks i ~ 

— R i - + — >_ R 

1 


(Ab) 


Equation (Ao) applies to the specimens of the tests 
reported in this paper. 

Analysis of symmet rical butt joint fastened b rT bolt 
in several lin es parallel to applied load ~ A solution o 
the general case illustrated in figure may be obtained 
if, in addition to the assumptions made in the first sec- 
tion of this apoendix, it. is assumed that the bolts in 
an', 7 transverse rcw i are loaded equally. In a manner 
similar to that in which equation (A5) was obtained, it 
may be shown that 


CG frh 
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R i+1 “ Ci+i R i + 


Nj(2K p + K s ) 2K p 


_£ _ R . _ p 

Ci+1 1 C 1+1 F 



i-1 


1 


(A7) 


It is probable that less accuracy would be realized in 
the application of equation (A 7 ) in the analysis of 
joints of the type illustrated in figure 19 than in the 
analysis of joints of the type shown in figure 17 . Posner 
( reference J4-15 d eveloped a relationship for lap joints 
similar to equation (A7) from a consideration of plate 
deformations in tension and in bearing of the plates under 
the bolts or rivets. In the determination of bolt con- 
stants, Posner neglected the effects of shearing, bending, 
and bearing of the bolts. As a result, for any given bolt 
pattern and joint width, Posner's solution yields identi- 
cal results for all bolt sizes or for all plate thick- 
nesses when the thickness ratio of the lapped plates is 
constant. The solution contained herein, which is in 
agreement with the test results, shows that such a con- 
dition does not exist for butt joints. 


Factors affecting C .- In the development of the 
general bolt-load relationship, it was assumed that a 
linear relation exists between bolt deflection and bolt 
load in the elastic range. The relation is stated as 


From equation (A3) it may be seen' that C is affected 
by the factors that influence deflection. These factors 
are shearing, bending, and b ear i ng of the bolt; and, as 
C is used herein, the localized effect of bearing of the 
plates is included in the determination of C. 

Since the bolt is loaded and acts in a highly com- 
plex manner, the deflection is not readily determined. 

A solution for C will be obtained by assuming the bolt 
to be a fixed-end beam loaded as shown in figure 20. As 
related to this assumption, it should be remembered that 
the theory of elasticity shows that the basic assumptions 
underlying conventional beam analysis are violated when 
such analysis is applied to this case. A more refined 


Determination of Bolt Constant C 
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solution appears unwarranted, however, in view of the 
uncertainties introduced by the practical conditions of 
joint construction. Furthermore, the nature of the prob- 
lem and present experimental results indicate that a 
highly exact determination of C is probably unnecessary. 
Expressions obtained on the basis of the foregoing and 
subsequent assumptions, however, require experimental 
checking over a wide range of joint arrangements before 
they may be considered generally acceptable. 

Effect of shear, bending, and bearing of bolt .- The 
deflection caused by shear, bending, or bearing is deter- 
mined separately and equated to an expression of the form 
of equation (A8) to obtain the part of C that may be 
attributed to each effect. Deflection is measured rela- 
tive to a line that passes through the centroids of the 
end cross sections of the bolt, and shearing and bending 
deflections are found at the center of the span. The 
unit bearing deformation is defined as a percentage of 
the bolt diameter, and bearing stress is computed in the 
usual manner as R/tD. The bearing modulus of the bolt 
Efc>b r is assumed equal to the compressive modulus of the 

bolt material. It is then found for shear that 


Cbs 


S’( 2tg + tp ) 

^°b A b 


(A9) 


where a is a constant depending upon the shape of the 
cross section and is equal to i|:/3 for a circular section. 
Thus 


Cbs = 


2tg + tp 

5 Gb A b 


For bending. 


c bb - 


8t s 5 + l6t s 2 t p + 8t s t p 2 + t p 5 

192E bb Ib 


For bearing. 


U10) 


(All) 


__ ^tg + tp 

Cb br ‘ t s t pEbbr 


(A12) 
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Effect of bearing of plate .- The assumption of a 
uniform distribution of stress in the plates gives satis- 
factory results when an average elongation is the quantity 
to be determined. Such an assumption, however, does not 
take into account the localized effect of bearing of the 
bolt on the plates. This effect is of greater importance 
when the bolt is of a harder material with appreciably 
greater bearing strength than the plate than when the 
plate is harder. This statement may be clarified by a 
consideration of the behavior of a bolt and a plate under 
bearing load. The material of the plate can flow outward 
at the edges of the hole and thereby permit further 
bearing deformation. This action produces a bulging of 
the plate under the bolt, an example of which may be seen 
by inspection of specimen A-l in figure 3* The bulging 
induces a secondary effect by increasing the bearing area 
which in turn tends to provide greater resistance to 
bearing deformation. The material of the bolt is more 
confined than that of the plate; consequently, the bolt 
must deform more by a nrocsss of compaction than by flow 
of the contact surfaces. It follows that the two con- 
ditions represent different aspects of the bearing prob- 
lem and that bearing of the plate is more critical when 
the material of the bolt is as hard as or harder than 
that of the plate, which is generally the prevailing con- 
dition in airplane structures. Epstein (reference 7) 
arrived at similar conclusions in regard to the bearing 
actions of the bolt and plate as a result of his investi- 
gation of bearing strength. Therefore, in the deter- 
mination of plate deformations , provision must be made to 
include bearing deformation of the plates. Although 
bearing deformation is ' a function of the dimensions and 
elastic properties of the plates as well as the load, 
this deformation can be estimated more readily in terms 
of bolt behavior. For this reason, the resulting correc- 
tion is applied to the bolt constant C rather than to 
the plate constants Kp and K s . 

The unit bearing deformation of a plate is defined 
as a percentage of the hole diameter, and the diameter 
of the hole is assumed equal to that of the bolt. Bearing 
stress is computed in the usual manner as R/tP. In the 
manner used in connection with shearing, bending, and 
bearing of the bolt, it is found that 


C 


Pbr 


tssE 


3J - JS bi 


2 


+- m 

t P iJ Pbr 


(A13) 
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where E«, and En. are the bearing moduli of the 
3 br Pbr 

plates, which are assumed equal to the compressive moduli 
of the plate materials in the calculation of C. 


Combination of terms .- The bolt constant C may now 
be determined by adding expressions (AID), (All), (A12), 
and (A13) 


C = C b3 + c bb + c bbr + Cp br 

2tg + tp 3tg^ + l^tg tp + otgtp ' + tp^ 

C = 3&b A b + 192E bb I b 


+ 


2 L S - + . 1 2 + 

ts tpEb^j^ 


1 


t 0E0 


br 


+ 




r P"Tbr 


( A A) 


When 


“ ^r>/ 2 > 


2t, 


C = 


5t 


p 


30b A b 96 s bb l b 


it 

t P Sh br 


t^Eo 

P s br 


t^E- 
P Pbr 


(A15) 
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A b = ttD 2 A 


and 

I b = irrk/6k 


E bb , 

^ = kl 


E bb 
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E bb 
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E bb 

E Pbr 



equation (A15) may be written 


AdVI 


t^E 


P a bb 


\ D / 


4 


1 ( P \ ; 
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+ 2^2 + ^3 + j ( Alo ) 
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Expressions for G for specific combinations of 
materials . - The following expressions are limited to the 

tp 

case where t = — -• 
s 2 


Case I. If average values of generally quoted moduli 
of the structural aluminum alloys I 4 S-T, 17S-T, 2lt-S-T, 
25S-T, and 75S-T are used, the values of k are within 
1 percent of the following: 


k x = 2.66 


and 


k 2 = k 3 = kj+ = 1 

For any combination of bolts and plates of these mate 
rials, therefore. 


C = 


Case 


8 

^p E bb 

II. 



2.12 + 


For steel plates and 


s bb = 


3b br “ Ss br “ E Pbr " 
Gv, = 11,000 ksi 



J 


bolts , 
29,000 ksi 


1 

4 


(A17) 
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and 


k- - k 2 = ki =1 
<2 5 4 

Comparing these values of k wxth those Tor the aluminum 
alloys shows that equation (A20) also applies to the case 
of steel dates and bolts. 

Case in. For aluminum plates and steel bolts, 

= 2 . 6 1 |. 

k = 1 

2 


and 


29,000 

k 7 = k), = — = 2.75 

> 4 10,600 


in which 10,600 ksi is an average value of the compressive 
moduli of the previously mentioned aluminum alloys. The 


expression for C is 



8 1 /t p \ 2 

c = — - — <0.13 ; Y ; 

Vbt 1 w 

r f i 
12.12 + ( -*- ) ! 

L ' D • i 

+ i.37> 

Case IV. For aluminum main plate, steel butt 
and steel bolts. 

k l = 

2 . 6 ^. (p> •- 


k 2 = 

k, = 1 (,f 

0 


1! 

2.75 (p. i0 , 

) 

and 

p 


,d 

8 / t„\2 

c = — m— ^ 0.13 ( m 2 ) 

tp-^bb \ ^ / 

/ f. '2 
2.12 + i ) 

\ D /- 

+ 1.1|5> 
J 
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Case v. For aluminum main plate, steel butt straps, 
and aluminum bolts, 

k 1 = 2.66 


k 2 = = 1 


k* = 0.3b 


ana 


0=8 1 

0.13 ( r 2 ) 

'2.12 + 

fhYl 

t p ±ij bb 

\ D / 


\D / J 


+ 0.31p> (A20) 

J 


.The preceding expressions can be generally applied 
by replacing t p with. a hypothetical thickness equal to 

one-half the total thickness of the plates; that is. 



+ 2k p + k^ + 



(A21) 


(A 22) 


Because of the aoprcxinate nature of the expression for 
C, the further approximation inherent in equation (A22) 
is justified and values of C av may be readily determined 

that do not differ too much from those calculated from 
equation (AI 14 .). In order to examine the differences 
involved, the extreme case of t_ = t was chosen and 

1 p , 

the comparison is given in table 4 . Table 4 shows that 
C g is from 2 to 1 9 percent less than C for any value 

of D/t p . 


3k 
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APPENDIX B 
NUMERICAL EXAMPLE 


In order* to illustrate the application of equa- 
tion (A5) in numerical calculations, solution of the 
following example is given. Consider a five-bolt joint 
(fig. 18 ) made up of the following components: 


Steel bolts : 


D = l/k inch 

Ebb = 29,000 ksi 

2I4.S-T plates: 

tp = 5/16 in. 
t s = 3/l6 in. 
p = 1 in. 
b — 2 in. 

E = 10,500 ksi 

Since C^ + q = Cj_ , equation (A 5 ) may be written, from equa 
tion (1), 


R 


i+1 


= R i + 


2 K- + K s 2 k p 

- --Ri - -^P + 


2 K p + K s \ 

■^_. R 
1 


C 


(Bl) 


K„ = 


3 bt s E (2) ( 0 . 138 ) (10,500) 3940 


■ = _2p_ = £ 

■P btpE (2) (0.313) (10,500) 



1.2 

3940 


/ 
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The bolt constant may be determined from equation (Al 8 ) 
by replacing t p with t av ; then 



t 


av 


2t s 


+ fe p 
2 


2(0.183) + 0.313 

2 


0. 3U4- 


tav _ 0 . 344 

D ” 0.25 


1-375 


and 


C 


av 


1 

437 


2K p + K s __ 1.0 + 1 437 

c “ 394 o * 1 


0 . 244 


£Kp = 457 

c 3280 


O.I 33 


Starting with the second bolt, successive expressions 
for each unknown bolt load are written in terms of by 

means of equation (Bl): 

C H| = Rq = l.OOORq 

R 2 = 1 .2 kl + R 1 - 0.153P = 1.244-1*1 - 0.133P 
R3 = I.244.R2 " 0* 1 33P + 0.244-Rq 

= 1. 21+4(1. 244r 1 - 0.133P) - 0.133P + 0.2kbR 1 
= 1 . 793 R 1 - °.299P 
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R[, = 1.2l;i+R 5 - 0.155P + 0. 2I4J ;.{?■! + R 2 ) 

= 1.244(1-793?! - 0.259P) - O.133P + 0.244(2. 244?i - 0.133P) 
= 2.779R1 - 0.537? 

Rj, = 1.244?^ - 0.133? + 0 . 244 ( p x + R 2 + R„) 

= 1. 244(2. 773?! - 0.557P) -0.133P+ 0. 244(4. 057R1 - 0.4J2P) 

= 4.440?! - 0.906P 

Now, 

p = IR = 11.255R1 - 1.875P 


and therefore 


*1 = 


- 2.673 
11.255 


= O.250P 


r 2 = 1.244 

X 

0. 256? 

- 0.133P = 0.135? 

R, = 1-793 

X 

0 . 250P 

- 0.299? - 0.159P 

R4 = 2 -778 

X 

0.256P 

- 0.557? = 0.173P 

R^ — 4.440 

X 

0. 25bP 

- 0.906P = 0.228P 

Arithmetic 

al 

check: 

p = 5 ~r = 1.00 ip 


In the conventional method of analysis, it is assumed 
that each bolt carries the same load, that is, R = 0.200P. 
Comparing the foregoing results with this value shows 
that the end bolts are overloaded and the interior bolts 
carry less load than they are usually considered to 
support. Thus, 

Ri/r = 1.28 
r 2 /r = 0.93 
r 5 /r = o.3o 
R[/R = 0.57 
R5/P1 = 1.14 
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APPENDIX C 


GENERAL EQUATIONS FOR AND CALCULATION OF BOLT 
LOADS FOR SPECIMENS OF GROUPS A AND B 


Equation ( aC ) applies to tlie calculation of the 
loads carried by the individual bolts of specimens of 
groups A and B since LKp = K s and the bolts are 
all of the same size and material. The expression is 


General equations .- For any two-bolt joint when 
2Kp =' K s and the bolts are of the same size and material, 
it can be shown that Rp = R£ = p/2. From equation (Cl) 



(Cl) 


R2, — Rp + 



( 02 ) 


Since 


P = 2R = Rp + R 2 



and 



therefore 


Rp = R 2 = P/2 


(C3) 


Equation (C3) applies to the three specimens of group 
A, since all fulfill the necessary conditions. 
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For the joints of group B, the following equations 
app ly : 

From symmetry 


Rl = Rj 

P = Y]” R = 2R 1 + R 2 

Substituting equation (C 2) into (cU) gives 


2K S K P 

P = 2R n + ( R 1 + -f- R x ~ 


and 


„ f C * K s \ 

R -p 

1 y3C + 2Ka J 


V 

Substitution of equation (C5) into (C4) gives 


(Cif) 


(C5) 


R 


2 



C + 2Kb 


P 


(C6) 


Typic al calcxilations for joint of group B, 
specimen ~B-1 . - 

From table 1, 


p = 2 in. 

. ,1 . 
b = lr- in. 
ii 

tp - 0.37^- in. 


E = 10,500 ksi 


For the bolts, 

1 . 

D = r in * 
4 


E 


bb ~ 


20,000 ksi 
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K s = 


p 


btgE (1.25) (0.187) (10,500) 1225 


*=1.5 


D 


From equation (Al3) 


C = 


3 ■ /t_\ c 

- — ^O.l* -£ ) 


4- TJ’ 

P bb 


v b> / 


1.12 


D / 


+ 1.87; 


Substituting in this expression the values of t D , E^, 
and tp/D gives 


C = 


(O. 37 I].) ( 29 , 000 ) 


r ^2 


= 1 2 . 34. 

£32 1225 


^0.15 (1.5) 


2.12 + ( 1 . 5 ) 


2 


+ 1.37; 


From equation (C5) 


R- 


_ /2.8k + 1 

( 32.814- + 2 


= I ' 


/ 2 . 3h\ 


\10.52y 


P = 0.365P 


and from equation (c6) 


n - / ^4\ 

R 2 " {32.aU + 2' P 


_ f 2- 8U 


V 1 


10.52 


P = 0.270P 


The values of R for specimens B-2 and 3-3 were 
found in like manner, and the elastic constants and ratios 
r/p for ail specimens are shown in table 5 * 
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APPENDIX D 


OF ANALYSIS OF TEST DATA 


Behavior of Specimens 


3 1 ress distributi on in plat es In the analysis 
given in appendix it, bne stress In the plates is assumed 
to be uniformly distributed. The photoelastic studies 
of Coker and Filon (reference S’) Frocht (refer- 

ence 10 ) , however , show that a. nonuniform stress 
distribution exists in the plates of bolted joints. 

In the reduction of test data, plaue loads were calcu- 
lated on the assumption of a uniform distribution of 
stress; the stress was compute a from an average strain, 
wnich was determined as the arithmetical average of 
three strains measured on the gage lines shown in 
figure 17 . In order to study the manner in which the 
true stress distribution affected the actual bolt loads 


and the calculated plate loads 


brief discussion is 


given in connection with the observed strains. 


It was observed that the strain distribution 
varied with load (fig. 17). At low loads the strain 
distribution was approximately uniform; but, as the 
joint load was increased, strains e-' measured on gage 

line 1 increased at a faster rate than the strains e 2 

measured on gage line 2, directly in line with tr.e bolts. 
Although ex increased more rapidly with load than e 2 

at all sections, the amount and rate of increase varied 
considerably from section to section of a specimen. 

All specimens exhibited similar behavior but it was 
somewhat more pronounced in specimens A- 5 and B-J> 
from which the data plotted in figure 17 were obtained. 
The plotted points represent the averages of strains 
measured with all gages, which were located in similar 
positions on the butt straps. 

Load- strain behavior of tie type shown in figure 17 
has been reported previously (references 5^ and 11). 

In reference 5 several sets of stress diagrams for 
riveted and pin-connected joints are given, which 
indicate the same tendency and in sono cases show that 
directly in line with, the rivets the stress changes 
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from tension at lev/ loads bo compression at higher loads. 
If an irregular strain distribution based on the diagrams 
of reference 5 is assumed, elate loads may be calculated 
and compared with the ■elate loads computed on the basis 
of average strain; the following comparisons are made 
on this basis. 

The greatest percentage variation of measured 
strain occurred at section 2-2 of specimen A-3 at a 
.joint load of 8. y kins, where the center strain e 0 

was anpr oxiinat e ly 25 nercent less than the average 
strain e av . The load in the butt straps at this 

section computed on the assumption of the irregular 
strain distribution is about 7 percent greater than 
the load computed on the basis of average strain. The 
two methods give loads at section 2-2 that differ by 
about 3 percent for specimen B-3 at a joint load of 
approximately two-thirds the ultimate and for specimen 
A- 3 at about one-half the ultimate. At lower joint 
loads the differences are negligible. At section 1-1 
the difference is less than 2 percent in all cases. 

At section 3-5 of specimen 3-3 the maximum difference 
is 3 percent. For the remaining specimens the 
differences at corresponding sections are less than 
those just cited. 

It may be concluded in regard to the specimens 
of these tests that, at the sections where strain 
measurements were made, the assumption of a uniform 
stress distribution provides a satisfactory means for 
the calculation of plate loads. The plate constants 
Kp and K s , which are assumed equal to plate deformation 

ner unit of load, are not necessarily determined with 
corresponding accuracy on the basis of the same 
assumption. The stress distribution undergoes a very 
considerable change from a section midway between 
adjacent bolts to a section through the bolt hole. 

High stress concentrations are present in the vicinity 
of the hole, which cause yielding of the material 
early in the load history of a joint and are largely 
responsible for the action illustrated in figure 17 . 

To take such action into account theoretically would 
involve correction of the plate constants Kp and K s , 

which would result in nonlinear curves of joint load 
again t bolt load (P-R) for all bolts of a joint. Such 
correction indicates that the first bolt carries a 
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greater load than Is at present determined by means of 
any proposed elastic theory. Previous investigators 
have found experimentally determined loads on the first 
bolt greater than those computed by means of an elastic 
theory (references 3 , 5> and 6). It will be necessary, 
however, to secure more information about the stress 
distribution before revised values of K can be 
in core orated in the theory. 

Lateral bending accompa nying transfer of bolt 
loadsTo butt straps .- In the analysis given in 
appendix A, a bolt load is assumed to be distributed 
uniformly along the bolt. It has long been recognized, 
however, that the bolt load is distributed so that 
the resultant of the portion transmitted to one butt 
strap lies within the half -thickness of the butt strap 
adjacent to the main plate. As a result, a lateral 
bending moment acting in a plane normal to the plane 
of the butt strap is induced in the strap. This moment 
is resisted partly by flexural stiffness of the strap 
and partly by direct tension, in the bolts. In these 
tests the nuts were loosened in order to minimize 
frictional effects and for this reason lateral bending 
was largely resisted by stiffness of the straps. 

The oresence of lateral bending moment in the butt 
straps has a negligible effect on the values of the 
bolt loads. Aooroximate calculations indicate that this 
lateral bending moment affects the load on the first 
bolt to an extent of the order of magnitude of 0.2 per- 
cent. The principal difficulty caused by lateral 
bending lies in the interpretation of strain data. 

Because of this bending effect, correction .of calculated 
plate loads is necessary in some cases; this bending 
is explained in the following section in connection with 
those specimens for which correction was required. 

The presence of lateral bending moment was confirmed 
experimentally by strain measurements taken on the outer 
surfaces of the butt straps at the centers of trie joints. 
That moment existed in all cases except thin specimens may 
be verified by reference to table 6. In table 6 the 
test specimens are listed according to decreasing 
thickness of the plates as evidenced by increasing ratios 
of bolt diameter to butt-strap thickness D/t s . The 
tabulated values are ratios of internal load to applied 
load. Internal loads were determined at three sections, 
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at each of which it was known from conditions of equili- 
brium that the total applied load was resisted ’07 the 
elates upon which strain measurements were made. Values 
of p,j and P T were calculated from strain data 

obtained at sections 3 inches beyond the first bolt 
in the upper and lower main plates, respectively 
(fig. 1). Values of P £ were calculated from strain 
measurements taken on the butt straps at the centers 
of the joints. It may be noted from table o that 
? S /P is less than P T j/P and Pp/P, in which case 

each of the last two always have the expected value of 
unity within 2 percent. Also P a /P is influenced by 

the number of bolts fastening the plates and decreases 
from unity as D/t s decreases. This behavior is 

attributed to more flexural resistance of the butt 
straps together With greater bending deflection of the 
bolts in the thicker specimens, which is accompanied by 
greater bolt-load eccentricity. Curves of P„ are 

shown in figures 5 (a) and 7(a) to 15 (a). It may be 
seen in figures 10(a) tc 13 ( ^ ) that p s /p is constant, 

which is indicative of a constant bolt-load eccentricity, 
up to one-half of the ultimate load. The relationship 
ceases to be linear at higher loads, except for speci- 
mens A- 5 and • Evidently the butt-strap bending 
increases at a greater rate because of increasing bolt- 
load eccentricity attributable to the large bolt 
deflections that occur at high loads. Curves of P-j 

and Pj, are not Presented, as the strain behavior was 

fully in accord with that which would be predicted at 
sections where these values were determined. As the 
tests were in progress, it was observed that the effect 
of the eccentric location of the resultant bolt loads 
caused the free ends of the butt straps to move outward 
from tho main plates. Movement was, of coarse, per- 
ceptible only at high loads. A similar behavior has 
been noted by previous investigators (reference 12 ). 


In the usual types of bolted or riveted joints, 
it appears likely that bending of the straps would be 
relieved appreciably because cf tension in the bolts or 
rivets, except at loads approaching tne ultimate. As 


the bolts or rivet£ 
near the ultimate, 


undergo .large deformations 
are unable tc carry 


they 


•4 hn 

u a id 


at loads 
tensile 


bh 
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Analysis of last Data 


Calculation of bolt 
general, 'the load, on a b 
ence between butt -strap 
of the bolt. The tenoii 
in the calculations was 
curves plotted from tens 
representing the plates 
alloy; moduli of elastic 
curves were within 2 per 
value of 10,500 ksi. 


loads from, strain data .- In 
olt was calculated ' as the differ 
loads at sections on each side 
e modulus of elasticity used 
S = 10,500 ksi. Stress -strain 
ile test data for coupons 
were typical of 243 -T aluminum 
ity determined from these 
cent of the recommended standard 


For specimens A-5 and 3-5, the butt-strap loads 
were computed as the gross area of a butt strap times 
the average stress. The average stress was considered 
tc be equal to the arithmetical average of three 
measured strains multiplied by the modulus of elasticity 
The load on the first bolt was found by adding the 

butt-strap loads at section 2-2 for specimen A-5 and at 
section 5 _ 5 - or “ specimen 3-5 (fig* 17)* Load on the 


second bolt 


Rp was found by subtracting R-^ 


from the 


sum of the butt-strap loads at section 1-1 for speci- 
men A-5 and at section 2-2 for specimen B-5* For B-5, 
load on the third bolt Rj was found by subtracting 

the quantity R n + R-, from the sum of the butt-strap 


loads 


R l4 


Be, 


R i + R 2 

at section 1-1. The remaining bolt loads 
and Ri were determined in the same manner. 


In the case of specimens A-l and A-2, plate load: 
were determined also by this method. Lateral pending 
of the butt straps, however, necessitated correction 
of the values. From the method of strain measurement 
(by use of the gages on the cuter surfaces of tne strap 
the magnitude of the bending moment could be evaluated 


only at the section where 


was determined. It was 


assumed that tne errors due to bending were proportional 


to 


- 1, and correction was made by multiplying the 


butt-strap loads by p/P s , after which the bolt loads 

were found in the manner used for 1 specimen A-5* With 
respect to specimens 3-1 and B-2, qualitative studies 
indicated lateral bending moments of the same sign at 
sections 1-1 and 5~5 (fig* 17) with moment of opposite 
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sign at section 2-2. On this basis and the assumption 

p 

that the errors were orooortional to — - 1 . the butt- 

P 

strap loads were corrected by multiplying the l^ads at 
sections 1-1 and 3~3 by ?/p g and the loads at sec- 
tion 2-2 by P„/P, after which the bolt loads were found 

in the manner used for specimen B-3. Although it was 
clear that at any one joint load the same correction 
factor did not apply at all sections, since the moment 
varied along the lengths of the butt straps, due consider- 
ation of the several factors involved in the behavior of 
all specimens indicated that the correction procedure 
was fairly adequate except at nigh loads for specimens B-l 
and 3-2. The curves of P s are shown in conjunction with 

the bolt-load curves in figures 5 ( a ) to 15 (a) because of 
their interrelationship owing to the use of P 3 in the 
determination of correction factors. 

Calculation o f bolt deflection s.- In studying the 
load distribution in bolted or riveted joints a number 
of investigators have made use of the "loads lip” relation- 
ship or the deflection of the rivets or bolts (refer- 
ences 1 , 2 , if, and 5 )- In the usual types of bolted joint, 
deflection of the bolts is not amenable to measurement, 
and the procedure to date has been to maxe indirect 
determinations on the sides cf a joint by observation of 
the relative movement of the plates. Such methods, 
although approximate, are generally employed in the 
determination of bolt deflections; but the accuracy with 
which deflections are found cannot be stated with cer- 
tainty. In the nomenclature of the present paper, the 
deflection relationship is 

6 = CR/2 (Dl) 

The comparison of measured bolt deflections with values 
determined from equation (Dl) furnishes a means for 
examination of the validity of the expression for the 
bolt constant C. 

The deflection of bolts in specimens of groups A 
and B was determined from data obtained during the tests 
to failure by measurement of the spreading of the gap 
between main plates at the center of each joint. Total 
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movement was computed as the average of measurements 
taken on both sides of a specie an. From this value, 
elongation of the butt straps boiv'een the two bolts 
on each side cl' the gap, considered to be PL/AS, was 
subtracted and the average deflection 6 av of the two 

bolts calculated as one-half the difference. 


In order to compare the foregoing method for 
obtaining bolt deflections with a method by which, the 
deflection of each bolt was separately determined, bob 
methods were used in two of the auxiliary shear tests 
bolts. The separately eterr.ined bolt deflections wer 
obtained from measurements taken from butt strap to 
ma.i n ">late on opposite faces of a specimen, at the ends 
the butt straps. Deflection was calculated as tne 
average of the two values measured on opposite faces 
minus the elongation of the main plate in the length 
from the center line of tne bolt to the strain-gage 
lozenge on the main plate. 


1 

of 


cf 
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TABLE 1 

ELEMENTS OF TEST JOINTS 




Material 

Number of 


Ndknlnal 


Measured dimensions 



Classification 



1 _ 

d 

lmenslono 










Plates 

Bolts 

r ln ~ 

b / 


\ 

fc s 

*P 

*s 

b P 

As 

Ap 

Remarks 




fa) 

bolts per 
Joint 

'd 

(In. ) 

(In.) 

(in.) 

(In. ) 

(sq In.) 
(b) 

(sq In.) 
(b) 


A-l 




5 

0.80 

1.60 

0.157 

0.308 

1.250 

1.246 

0.196 

0-385 

Balanced design 

Group A 

A- 2 

21+S-T 

S.A.E. 2550 


5 

.50 

1.00 

.251 

•499 

I .255 

1.250 

.315 

.624 

Joint designed to 


2 







fall In shear 


A- 5 




5 

1.54 

3.09 

.0326 

.162 

1.237 

1.249 

.1021 

.203 

Joint designed to 















fall In tension 


3-1 

j 



5 

.67 

1.33 

.186 

•574 

1.253 

1.247 

.233 

•467 

Balanced design 

Group B 

B-2 

[ 21+S-T 



5 

.50 

1.00 

.250 

.501 

1.253 

1.251 

.313 

.626 

Joint designed to 


S.A.E. 2350 

3 








fall In shear 


B-3 

J 



5 

1.33 

2.75 

.0921 

.188 

1.253 

1.253 

.1154 

.236 

Joint designed to 















fall in tension 


1 

\ S.A.8. 



5 

° .59 

°1.00 

.250 

.422 

1.250 

1.250 

.315 

027 

Joints designed to 

Auxiliary 

specimen 

2 

| 6150 

S.A.E. 2350 

1 

5 

C .63 

1.20 

.208 

.4oo 

1.150 

1.250 

.260 

.300 

fall in shear 


*S» A . E. 2 330 or equivalent. 
b £roas area = bt. 

C Determined from measur®d dimensions. 


TABLE 2 

ULTIMATE DOUBLE-SHEAR STRENGTHS OF j—INCH 
HEAT-TREATED (125 kai) ALLOY-STEEL BOLTS 


Specimen 

Bolt load, R 
(kips) 

-t- R 

CT br = S- 
tD 

(ksi) 

Remarks 

Kt) 

(ksi) 

Any 

7.36 

?5.o 


Reference 8 

Auxiliary 1 

8.39 

85-5 

79.5 

^Deflections measured (bolt 1, fig. 16) 


8.20 

83.6 

77-7 

Deflections not measured. 


8.30 

84.6 

78.7 

Do. 


7.78 

79-5 

73.8 

Do. 

Auxiliary 2 

8.29 

84.5 

82.9 

Deflections measured (bolt 1, fig. 16) 


9»?4 

29-3 

97-4 

Deflections measured (bolt 2, fig. 16) 


7 . 8 b 

80.1 

78.6 

Deflections not measured. 

A-l 

7.98 

81.3 

105.8 

Average of bolta 1 and 2 (fig. 16) 

A- 2 

8.02 

81 . Q 

64-3 

Average of two bolts 3 ana 4 (fig. 16) 

B-2 

8.07 

82.2 

64.6 

Average of bolta 1, 2 and 3 (fig. 16) 


■^Bolt 2 of auxiliary specimen 1 was not sheared; It was 

used to cause failure of bolt 2 of auxiliary specimen 2 
and Is therefore known to have a strength greater than 

9*74 kips. 
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TABLE 3 


LOADS AND STRESSES AT R AMD FAILURE 
or 


Classification 

Joint load 
at critleal 
bolt load 
(Mips) 

Critical 
bolt load 
(kipal 
(a) 

Stress at critical 
bolt load 

(Mil) 

Joint load 
at failure 

(kips) 

Average stress at 

failure* of Joint 
(ksi) 

Type and location of failure 



Bearing 

Shear 

Tension 

(b) 

Bearing 

Shear 

Tension 

(b) 



A-l 

7.00 

3.88 

50.4 

39.6 

22.8 

15.96 

105.8 

81.4 

51.9 

(Shear; bolts 1 and 2 

Qroup A 

A-2 
A- 3 

8.00 

4.80 

38.4 

48.9 

16.0 

16.04 

10.62 

64-3 

131.2 

81.7 

54.1 

32.1 

67.1 

Shear; bolts 3 end 4 

Tension; at bolt 4, through net 
section of main plate 


B-l 

11.40 

c 4 « 16 

44.7 

42.3 

30.6 

23.40 

84.1 

79.6 

62.7 

Tension; at bolt 1, through net 
section of main plate 

Group B 

B-2 

13.56 

* d 4.80 

38.4 

48.9 

27.1 

24.20 

64*6 

82.0 

48.4 

6hear; bolts 1, 2 and 3 


Br5 

8.25 

3.24 

70.4 

33.0 

44.7 

12.02 

87.3 

40.9 

65.4 

Tension; at bolt 3, through net 
section of butt straps 


* Average of maximum bolt loads in upper ar.d lower Joints. 
b Computed ualng net area equal 80 percent of gross area. 

C Based on average of bearing stresses at R cy for specimens A-l and A-2. 
^Determined from teat of specimen A-2. 


TABLE 4 

COMPARISON OP C AND C av 

[*. • >3 


Case 

Main 

plate 

( 1 ) 

Butt 

straps 

Bolt ' 

B bb 
( ksi) 

h 

k 2 

*5 

k 4 

C-C,v 

c 

x 100 

D/t p = 0 

D/t p = 00 

I 

A 

A 

A 

10,500 

2 . 6 b 

1 

1 

1 

2.3 

11.1 

II 

S 

S 

S 

29,000 

2.64 

1 

1 

1 

2.3 

11.1 

III 

A 

A 

s 

29,000 

2.64 

1 

2.73 

2.73 

2.3 

11.1 

IV 

A 

S 

s 

29,000 

2.64 

1 

1 

2.73 

2.5 

19.2 

V 

A 

S 

A 

10,500 

2.66 

1 

.36 

1 

2.3 

16.4 


•^A refers to any of the aluminum alloys, l43-T, 
17S-T, 2llS-T, 25 S-T, and 75S-T. 


8 refers to steel 
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TABLE 5 


BOLT AND PLATE CONSTANTS 
AND ANALYTICAL BOLT LOADS 


Specimens 

D/tp 

(1) 

s 

C 

K s 

Rl/P 

R 2 /P 


A-l 

0.80 

0.308 

1 A 32 

2 

0.500 

0.500 

Group A 

A- 2 

.50 

. 1+99 

1 / 351 + 


.500 

.500 


A- 3 

1.52 

.162 

1/296 


.500 

.500 


B-l 

.67 

. 37 U 

1 A 32 

1/1225 

.365 

.270 

Group B 

B -2 

•50 

.501 

1/355 

1/16)4.0 

. 351 + 

.292 


B -3 

1.34 

.188 

1/329 

1/607 

.378 

• 2I4J4. 


Based on measured dimensions 
%ot required 


TABLE 6 


EFFECT OF BUTT-STRAP BENDING AS SHOWN BY 
COMPARISON OF MEASURED INTERNAL LOADS 


Specimen 

D 

Internal load 
Applied load 

fc s 

fu 

P 

ft 

P 

Is 

p 

A- 2 

1.00 

1.000 

0.995 

0.897 

A-l 

1.60 

.991+ 

.98)+ 

.935 

A- 3 

3.09 

.983 

1.000 

.986 

B -2 

1.00 

1.000 

. 991 + 

.927 

B-l 

1.33 

.995 

. 986 

.965 

B-3 

2.75 

1.015 

1.016 

. 991 + 
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Standard tensile specimen cut 
from central portion of 
sheet from which main 
plates or butt straps 
were obtained 


-Siis 

Two-bolt joint, group A 

All bolts, i-inch heat-treated 
(125 ksi) alloy-steel bolts, 
electrical strain gages, ^-inch. 



natj 
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At ADVISORY 
fOA AERONAUTICS 


Three -bolt joint, group E> 


Figure I. — Test specimens and arrangement of strain gages. (Arrange- 
ment of gages duplicated on opposite face of specimen.) • 
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Figure 2.- General arrangement of specimen in testing 

machine . 
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Fig. 3 


Figure 3.- Front view of fractured specimens. 
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Fig. 4 







Figure 4.- Side view of fractured specimens. 
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Figs . 5a , b , 6 



Internal joint load kips 



Bolt load, R, Kips 


(a) Observed relationship (b) Observed relationships between applied 
between applied and joint load and bolt loads, 

internal joint loads. 


Figure 5. - Joint-load and bolt-load curves for loading 
of specimen A ~Z in the elastic range. 



P s determined at this section -| 


Bolt 1 

2 

3 4 

Test run 

Load Unload 

1 

O 

□ 

2 

O 

A 

3 

V 


4 


— (To failure) 

national advisory 
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Figure 6. -Observed relationships between applied joint load and bolt loads 
for loading of specimen A-3 in the elastic range. 


Pc determined at this section 


□ 


o o o ill o Q Q 



Test run 

Load 

Unload 

1 

O 

□ 

2 

O 

A 

3 

V 

k 

4 


(To failure) 



Internal joint load, kips 

(a) Observed relationship between (b) Observed relationships between applied 
applied and internal joint loads. joint load and bolt loads. 


Figure 7. - Joint-load and bolt-load curves for loading of specimen B-l in the 
elastic range. 




Fig. 7a, b NACA TN No. 1051 


Applied joint load, P, kips 


P s determined at this section — ^ 


o o o | i o o o 
Uj 


Bolt 12 3 4 5 6 


Internal joint load, P 5 , kips 

(a) Observed relationship be- 
tween applied and internal 
joint loads. 



2 

3 


Load 

Unload 

0 

□ 

0 

A 

V 

Cs 



Bolt load, R, kips 
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(b) Observed relationships between applied 
joint load and bolt loads. 


Figure 6.- Joint-load and bolt-load curves for loading of specimen B-2 
in the elastic range. 
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(a) Observed relationship between 
applied and internal joint loads. 



p 


(b) Observed relationships between applied joint load and 
bolt loads. 


> 

o 
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Figure 9.- Joint-load and bolt-load curves for loading of specimen in the elastic range. 
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Figure IQ- Joint-load and bolt-load curves for specimen A-l tested to failure. 
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NACA TN No. 1051 Fig. 10a 




internal joint loads. an d bolt loads. 

Figure I f Joint- load and bolt-load curves for specimen A-2 tested to failure. 


cr 


> 
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Fig. 11a 




(a) Observed relationship between applied and 
internal joint loads. 


(b) Observed relationships between applied joint load and 
bolt loads and comparison with calculated values. 


Figure 13 . ~ Joint-load and bolt-load curves for specimen B-l tested to failure. 
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(a) Observed relationship between applied and 
internal joint loads. 


(b) Observed relationships between applied joint 
load and bolt loads. 


Figure I2r* Joint-load and bolt-load curves for specimen A-3 tested to failure. 
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(a) Observed relationship between applied 
and interna! joint loads . 



Figure 14. —Joint- load and bolt-load curves for specimen &~2. tested to failure. 
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(a) Observed relationship between applied and 
internal joint loads. 



(b) Observed relationships between applied joint load and bolt 
loads and comparison with calculated values. 


Figure 15.— Joint-load and bolt-load curves for specimen B-3 tested to failure. 
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Fig. 16a,b 
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4 
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2 
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a 
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6 

5 

4 
3 
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Bolt 12 3 4 
Group A specimens 


P-[ 


O O o I'! O O O 


-P — 



Group B specimens 

Experimental 6 av of bolts 2 
and 3 for group A and 3 and 
4 for group B determined from 
movement of gap 

Deflection at R c 

Analytical, 6 = CR/2 


(a) Bolt deflections for specimens of groups A and B- 245-T plates 
and heat-treated (125 ksi) alloy -steel bolts. 



o '<* O I 
— 41 — 


]-P=R 


Bolt I 2 

Experimental 6, 
Experimental b z 
Experimental 6qv, 
determined from 
movement of gap 
Average .deflection 
of bolts = (6| + 6 z )/2 
Analytical, 6 = CR/2 
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Bolt deflection, 6, in. 

(b) Bolt deflections for auxiliary-shear-test specimens j SAE. 6150 steel 
plates and heat-treated (125 ksi) alloy-steel bolts. 


Figure 16.- Comparison of experimental and analytical bolt deflections. 
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II 

32 


Specimen A-3 


Ga ge line l| l-j 2-j 3— | 


Gage line 2^ \ |J 2 — ’ 3-—* 

31 


30 - 


Failu re of Joint ^ P- 12.02 kips^z 


Specimen B _ S 


Failure of joint, P= 10.62 Kips 



Strain €,, gage line I 
(average of four gage 
readings at sections H 
and of eight readings 
at other sections) 

Strain c 2) gage line 2 
(average of two gage 
readings at sections H 
and of four readings 
at other sections) 

cx 2 € ,+€ 2 
Strain e av = — 3 — 
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Strain , C 


Figure 17. - Comparison of measured and average strains for typical specimens of groups A and B. (All strains measured 
on outer surface of butt straps) 
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Figs. 18,19 



Figure 18.- Symmetrical butt joint with bolts in a single line 
in the line of applied load. 



Figure 19. — Symmetrical butt joint with bolts in several 

lines parallel to applied load. nat ionai.. advisory 
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Figure 20. - Bolt loading, shear, and 
moment diagrams. 


